The myeloblastosis (MYB) transcription factor superfamily is the largest transcription factor family in plants, playing different roles during stress response. However, abiotic stress-responsive MYB transcription factors have not been systematically studied in cassava (Manihot esculenta), an important tropical tuber root crop. In this study, we used a genome-wide transcriptome analysis to predict 299 putative MeMYB genes in the cassava genome. Under drought and cold stresses, many MeMYB genes exhibited different expression patterns in cassava leaves, indicating that these genes might play a role in abiotic stress responses. We found that several stress-responsive MeMYB genes responded to abscisic acid (ABA) in cassava leaves. We characterize four MeMYBs, namely MeMYB1, MeMYB2, MeMYB4, and MeMYB9, as R2R3-MYB transcription factors. Furthermore, RNAi-driven repression of MeMYB2 resulted in drought and cold tolerance in transgenic cassava. Gene expression assays in wild-type and MeMYB2-RNAi cassava plants revealed that MeMYB2 may affect other MeMYBs as well as MeWRKYs under drought and cold stress, suggesting crosstalk between MYB and WRKY family genes under stress conditions in cassava.
Introduction
Myeloblastosis (MYB) transcription factors are present in all eukaryotic organisms and are characterized by the presence of a MYB domain, consisting of at least 1-4 imperfect tandem repeats (R) of 50-53 amino acids. These repeats recognize and directly bind specific DNA motifs. The MYB transcription factor family consists of four subgroups on the basis of the number of repeats in the MYB domain: 4R-MYB, 3R-MYB (R1R2R3-MYB), R2R3-MYB, R1-MYB, or MYB-related (Stracke et al., 2001; Dubos et al., 2010) . Previous studies characterized numerous MYB transcription factors in the model plant Arabidopsis (Stracke et al., 2001; Dubos et al., 2010) . In plants, MYBs are involved in different processes including primary and secondary metabolism, cell fate and identity, development, and responses to biotic and abiotic stresses (Dubos et al., 2010) .
To protect themselves from abiotic stress, plants translate environmental inputs into internal signals through hormones, second messengers, and transcription factors (Hedrich and Steinmeyer, 2001; Wilkinson and Davies, 2002; Shinozaki and Yamaguchi-Shinozaki, 2007) . Many MYBs respond to plant hormones and other stress signals in Arabidopsis (Chen et al., 2006) . Drought stress negatively regulates the expression of the R2R3-MYB transcription factor gene AtMYB60, resulting in stomatal closure and root growth inhibition (Cominelli et al., 2005; Oh et al., 2011; Romano et al., 2012) . AtMYB61, able to bind to AC-I promoter elements, is involved in stomatal aperture and root development (Liang et al., 2005; Romano et al., 2012; Prouse and Campbell, 2013) . Recently, the regulation of gene expression during abiotic stress responses through abscisic acid (ABA)-dependent and ABA-independent signaling was reviewed (Wilkinson and Davies, 2002; Raghavendra et al., 2010; Lee and Luan, 2012; Nakashima and Yamaguchi-Shinozaki, 2013; Nakashima et al., 2014; Yoshida et al., 2014) . In Arabidopsis, several MYBs respond to abiotic stress through an ABA-dependent pathway. AtMYB96 mediates ABA-auxin crosstalk during drought stress responses (Seo et al., 2009 ). Moreover, ABAmediated AtMYB96 activation increases wax biosynthesis, serving as a drought resistance mechanism in Arabidopsis (Seo et al. 2009 Guo et al., 2013; Lee et al., 2014) . Overexpression of AtMYB15 in Arabidopsis improves ABA biosynthesis, ABA signaling, and expression of ABA-responsive genes, resulting in improved drought and salt tolerance (Ding et al., 2009) . AtMYB41 also responds to osmotic stress through an ABA-dependent pathway, and controls primary metabolism, such as synthesis of sugars and amino acids in Arabidopsis (Lippold et al., 2009) . The 1R-MYB transcription factor gene AtMYB44, which is partially functionally redundant with AtMYB77, negatively regulates drought response and leaf senescence in an ABA-dependent manner (Jaradat et al., 2013) . Moreover, its overexpression increases abiotic stress tolerance through the enhancement of stomatal closure (Jung et al. 2008) . AtMYB52 regulates cell wall biosynthesis and is involved in ABA-mediated drought stress response . The ABA receptor PYL8 also activates the transcription of AtMYB44, AtMYB73, and AtMYB77 to enhance auxin signaling and promote lateral root growth in Arabidopsis (Jaradat et al., 2013; . Overexpression of OsMYB2P-1 in rice (Oryza sativa) enhances inorganic phosphate starvation tolerance through the promotion of primary root elongation (Dai et al., 2012) . Many stress-induced MYBs respond to multiple abiotic stresses, while, in contrast, salt stress is the only factor inducing AtMYB73 response, regulating SOS1 and SOS3 in Arabidopsis (Kim et al. 2013) .
Previous studies performed extensive genome-wide analyses of MYB transcription factors in various plant species, including Arabidopsis, cotton (Gossypium arboreum and Gossypium raimondii), rice, soybean (Glycine max), apple (Malus pumila), wheat (Triticum aestivum), and Chinese sage (Salvia miltiorrhiza) (Cedroni et al., 2003; F.Zhang et al., 2011; L. Zhang et al., 2011; Du et al., 2012a Du et al., , b, 2013 Katiyar et al., 2012; Cao et al., 2013; Li and Lu, 2014; Wang et al., 2015; Saha et al., 2016) . Despite this, there is little information regarding the MYB superfamily in cassava. Because of its starch-rich storage root, cassava is the most important root crop worldwide and represents a staple food for >700 million people (http:// faostat.fao.org). In recent years, the scientific cassava community focused on the biological mechanisms of abiotic stresses Xu et al., 2013; Xia et al., 2014; Hu et al., 2015) . Transcriptome analysis of the annotated cassava genome revealed that genes involved in photosynthesis, starch accumulation, and abiotic stresses are conserved across different cultivars Hu et al., 2015 Hu et al., , 2016 Bredeson et al., 2016; Liao et al., 2016; Wei et al., 2016) . As a tropical crop, cultivated cassava is very sensitive to cold. Transcriptome and miRNA analysis show that several miRNAs and relative target genes regulate cassava responses to cold stress Zeng et al., 2014) . These RNA sequencing (RNA-seq) data are a valuable resource for the genomic analysis of stressresponsive MeMYB genes in cassava.
In order to obtain an overall picture of the MYB family in cassava, we systematically examined candidate genes in the cassava genome to identify the presence of MYB repeats. Our bioinformatics analysis identified 318 MYB-related cDNA fragments. However, we found only 299 full-length ORFs. We analyzed the expression of these MeMYB genes in leaf, petiole, and root of cassava. We also investigated their transcriptome profiles under drought and cold stress, identifying stress-responsive MeMYB genes, including several responsive to ABA. Furthermore, we identified four MeMYB genes encoding R2R3-MYB transcription factors. Moreover, RNAi-mediated repression of MeMYB2 caused drought and cold tolerance in transgenic cassava. This genome-wide study of the MYB transcription factor family in cassava provides valuable information for further exploration of the functions of this important gene family.
Materials and methods

Plant materials
Stems of cassava Arg7 and SC124 were cultured in pots (16 cm in diameter×14 cm in height) containing 2 kg of well-mixed soil (soil:vermiculite:pellets, 1:1:1) for 80 d in the greenhouse (16 h/8 h of light/dark, 32 °C/20 °C day/night) at the Institute of Tropical Bioscience and Biotechnology (HaiKou, China). Transgenic cassava plants were produced from cultivar cv.60444. Forty-day-old in vitro plantlets of transgenic and wild-type cv.60444 cassava plants were used in dehydration and ABA treatments. In vitro plantlets of transgenic and wild-type plants were transplanted into pots containing 2 kg of well-mixed soil and grown in the greenhouse (16 h/8 h of light/dark, 32 °C/20 °C day/night) and watered every 4 d.
Drought, cold, and ABA treatments
For drought treatments, plants were treated by withholding water for 14 d. Leaves were collected from three Arg7 and SC124 plants at 0, 8, and 14 d after interruption of watering and 24 h after re-watering at the end of treatment. Plants watered as normal were used as controls. Three leaves (the second, third, and fourth leaf from the top of the plant) from each plant were collected.
For cold stress treatments, plants were transferred to a versatile environmental test chamber (SANYO) at 24 °C with 12 h light, 12 h dark for 2 d to set a homogeneous starting point, and were treated with cold shock; that is, the temperature was decreased from 24 °C to 4 °C in 1 h, and then held constant at 4 °C for 6 h. Plants grown under normal conditions at 24 °C were used as controls. Mature leaves from each plant were collected. The samples from at least three plants were mixed and considered as one biological replicate. Three independent biological replicates of each treatment were used for gene expression analysis.
For ABA treatments, the mature leaves of SC124 were treated by dipping the petioles in water containing 0, 10, 20, and 50 μM ABA. Leaves were collected after 1 h treatment. A second ABA treatment was performed by dipping the petioles of mature leaves from SC124 and Arg7 plants in water with 0 μM and 50 μM ABA for 1, 3, or 6 h.
Bioinformatics analysis
To identify MYB genes, the conserved protein domain PF00249 (MYB-like DNA-binding domain) was used in a BLAST search against the cassava genome database in Phytozome (http://www.phytozome.net). Putative MeMYB cDNA sequences were analyzed to identify their ORFs. Sequences were analyzed using the Batch Web CD-Search Tool (http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/ bwrpsb.cgi) to identify the number of MYB-like DNA-binding domains in each sequence. Multiple sequence alignments were conducted using ClustalW (Thompson et al., 1994 ). An unrooted phylogenetic tree showing MeMYB1, MeMYB2, MeMYB4, MeMYB9, and Arabidopsis abiotic stress-responsive MYBs was generated with a Neighbor-Joining method using MEGA5.0 (Tamura et al., 2011) .
Transcriptome data analysis
For the identification of drought-responsive MYB genes, we used our previously reported RNA-seq data (Hu et al., 2016; Wei et al., 2016) . These data included two tissues (leaf and root) under drought treatment (12 d after withholding water) and controls. For identification of cold-responsive MeMYB genes, we used RNA-seq data that we reported previously Zeng et al., 2014) for further analysis. These data included the cassava cultivar SC124 leaf and root mixture transcriptome under chilling acclimation (CA, 14 °C), chilling shock (CS, 4 °C), and normal conditions (NC, 24 °C). Gene expression levels were normalized used fragments per kilobase per million mapped (FPKM). Heat maps were generated and hierarchical clustering was done using Cluster 3.0.
Semi-quantitative RT-PCR analysis
Total RNA was isolated from cassava tissues by using a modified version of the cetyltrimethylammonium bromide (CTAB) method (Ruan et al., 2009) . A 1 μg aliquot of total RNA was used to synthesize cDNA with a FastQuant RT kit (KR106-01, Tiangen Biotech Beijing Co., Ltd) following the manufacturer's instruction. PCR primers against MeMYB genes amplifying 180-250 bp products are listed in Supplementary Table S1 at JXB online). Cassava Actin1 was used as s housekeeping gene to normalize cDNA concentrations. Real-time PCRs (RT-PCRs) were run for 28 cycles. Each PCR was replicated three times using the cDNAs from independent experiments. The results of amplification were checked by 1.5% agarose gel electrophoresis. The gel electrophoresis results were imaged and quantified by Quantity One ® 1-D Analysis Software (Bio-Rad). Table S1 ). Three yeast colonies harboring the MeMYBs:pGBKT7 plasmid were incubated at 30 °C on an SD/-Trp plate containing 20 μg ml -1 X-α-gal until blue colonies formed. Three tandem repeats of the MYB-binding DNA cis-element CAACTGG with 18 bp blank sequences or the mutant sequence ATGCCT at the same position were each cloned into the pAbAi vector. The plasmids were then integrated into the genome of Y1HGold yeast by homologous recombination to generate bait and a mutant bait-specific reporter strain as per the Matchmaker™ yeast one-hybrid (Clontech) protocol. MeMYB1, MeMYB2, MeMYB4, and MeMYB9 without the stop codon-coding sequences were fused in-frame to the transcription activation domain of GAL4 (GAL4 AD) in the vector pGADT7 (Clontech). The resulting prey plasmids were transferred into the bait and mutant-bait-specific reporter strain individually. Yeast cells were selected on plates containing SD/-Leu, and positive colonies were checked by PCR using gene-specific primers (Supplementary Table S1 ). A 0.5 μl aliquot of NaCl (0.9% w/v) solution that contained two identified yeast clones of MeMYBs:pGADT7/MBS-AbAi/Y1HGold and MeMYBs:PGADT7/MBSm-AbAi/Y1HGold were dropped on SD/-Leu/AbA (Aureobasidin A, 0, 100, 200, and 400 ng ml -1 ) plates, and incubated at 30 °C for 3-5 d until the yeast plaque emerged.
Quantitative real-time PCR (qPCR) analysis
DNA construct of MeMYB2-RNAi and cassava transformation
A 443 bp specific DNA fragment from position 491 to 933 of MeMYB2 cDNA was isolated by PCR (Supplementary Table S1 ). KpnI was added to the 5′ end and ClaI was added to the 3′ end to make a sense fragment. At the same time, BamHI was added to the 5′ end while XhoI was added to the 3′ end to make an antisense fragment. Those two fragments were linked by an intron with ClaI and XhoI to make a hairpin RNA construct on the p18T-RNAi vector, then this hairpin RNA construct was cloned into the pCAMBIA1300 vector downstream of the 35S promoter. The friable embryogenesis callus of cassava model cultivar cv.60444 was transformed by using the Agrobacterium LBA4404 strain carrying 35S:MeMYB2hpRNA:pCAMBIA1300, and the transgenic cassava plants were selected as mentioned in Zainuddin et al. (2012) .
Identification of MeMYB2-RNAi transgenic cassava
Genomic DNA was isolated from in vitro cultured transgenic cassava leaf tissue with a modified CTAB method. To screen positive transgenic plants, a pair of primers was designed to bind the coding sequence (CDS) of the hygromycin phosphotransferase gene (hptII) (5′-ATGAAAAAGCCTGAACTCACC-3′ and 5′-CTATTTCTTTGCCCTCGGACG-3′) on the pCAMBIA1300 vector. PCR was performed by using wild-type cassava as a negative control. For Southern blot analysis, the CDS fragment of hptII was isolated by PCR, and then labeled with digoxigenin using the DIGHigh Prime DNA Labeling and Detection Starter Kit II (Roche). A 70 μg aliquot of genomic DNA from each PCR-positive transgenic cassava line was digested with BamHI, separated by electrophoresis on a 0.8% (w/v) agrose gel, and transferred onto a positively charged 0.45 μm nylon membrane (Millpore). Hybridization and detection were performed according to the protocol of the DIGHigh Prime DNA Labeling and Detection Starter Kit II (Roche). The images of the Southern blot results were taken using an ImageQuant LAS4000mini (GE Healthcare Life Science). Total RNA was isolated from leaves of transgenic cassava lines 2i-17 and 2i-202, then qPCR experiments were performed to detect the mRNA amount of MeMYB2 in the transgenic plants.
In vitro stress treatment of MeMYB2-RNAi transgenic cassava For dehydration and ABA tolerance analysis, shoots of 2 cm in height of 40-day-old in vitro cv.60444 (wild type), 2i-17, and 2i-202 plantlets were cut and cultured on CBM (basic shoot culture medium, 1×MS salts with vitamins, 2 μM CuSO 4 , 2% sucrose, 0.3% Gelrite, pH 5.8) or CBM containing 200 mM d-mannitol, 5% PEG6000, and 2 μM ABA, respectively. After culturing for 40 d in a versatile environmental test chamber (SANYO) at 26 °C with 12 h light/12 h dark, the increment in plant height of each plantlet was measured.
Drought treatment of MeMYB2-RNAi transgenic cassava
For drought tolerance analysis, 60-day-old cv.60444, 2i-17, and 2i-202 plants were treated by withholding water for 4 d after the last watering. This time point was set to N4/D0. More than three plants of each line were used in the treatment. The treatments were repeated twice. All the plants have been re-watered at the end of the drought treatment. The survival rates were measured after re-watering. Soil moisture of each pot was monitored every day. Plant height increments of each plant were measured during drought treatment. The weight of each plant (including the pot and soil) was measured every 2 d. The fresh weight of each plant was calculated as follows: fresh weight=total weight-2 kg (soil)×(1+soil moisture)-pot weight. The fresh weight of each plant was set to 100% at D4 (4 d after withholding water).
Cold shock treatment of MeMYB2-RNAi transgenic cassava For cold stress, 40-day-old cv.60444, 2i-17, and 2i-202 plants in pots were transferred from the greenhouse to a versatile environmental test chamber (SANYO) at 24 °C under 12 h light, 12 h dark for 2 d to set a homogeneous starting point. Then the plants were treated with cold shock in the same chamber; the temperature was decreased from 24 °C to 4 °C in 1 h, and then held constant at 4 °C for 6 h. Subsequently, the plants were transferred to a greenhouse under normal conditions to recover for 21 d. The survival rates were measured after the recovery period.
Results
Identification, classification, and chromosomal distribution of cassava MYBs
We have identified 299 cDNA sequences with full-length ORFs as putative MYB genes in cassava through a BLAST search against the phytozome cassava genome database (http://www.phytozome.net) using the conserved MYB-like DNA-binding domain (Pfam accession number: PF00249). We analyzed the sequences using the Batch Web CD-Search Tool (http://www.ncbi.nlm.nih.gov) to determine how many MYB-like DNA-binding domains each sequence contained. We named these sequences according to the corresponding gene identifiers in the genome browsers (Supplementary  Table S2 ). We used a provisional nomenclature system to distinguish each of the MeMYBs (Supplementary Table S2 ). We identified 150 members in the R2R3-MYB subgroup and 146 members in the 1R-MYB or MYB-related subgroup in the cassava genome. Conversely, we found only two 3R-MYB genes and one 4R-MYB gene.
Genome chromosomal location analysis revealed that the MeMYB genes were distributed on all 18 chromosomes (Fig. 1) . We observed that MeMYB genes had a relatively high density in some chromosomal regions, including the regions at the S-terminus of chromosomes 2, 5, 11, 13, 15, and 18, and the regions at the E-terminus of chromosomes 1, 3, 4, 6, 7, 8, 9, 11, 13, and 16 . In contrast, MeMYB genes were not present in nearly all central chromosome regions. Five duplicated pairs of chromosomes in cassava have been found (Bredeson et al., 2016) . Many MeMYB genes show colocalization in syntenic regions in duplicated pairs of chromosomes. For example, MeMYB1 and MeMYB2 are two similar genes (79.4% identity), located in the E-terminus of chromosome 9 and the E-terminus of chromosome 8, respectively (Fig. 1) .
Tissue-specific expression profiles of MeMYB genes
Many MYB genes are selectively expressed in specific tissues as a result of physiological and developmental stimuli (Dubos et al., 2010) . We performed a semi-quantitative RT-PCR to investigate the spatial transcription profiles of MeMYB genes in leaf blades, petioles, and roots of Arg7 and SC124 plants (Supplementary Table S3 ). A total of 125 MeMYB genes displayed different spatial expression patterns in Arg7 or SC124 (Fig. 2) . These MeMYB genes may play roles in the phenotypic differences between Arg7 and SC124. In contrast, 142 MeMYB genes exhibited the same expression pattern in both cassava cultivars, indicating that these MeMYB genes may share conserved functions in Arg7 and SC124. However, we did not detect any transcripts of 51 MeMYB genes in these three tissues in either Arg7 or SC124 (Fig. 2) .
Identification of drought-responsive MeMYB genes in cassava leaves
Regulation of temporal and spatial expression patterns of specific stress-responsive genes is an important part of plant stress responses (Shinozaki and Yamaguchi-Shinozaki, 2007) . We explored transcriptome data of cassava Arg7 and SC124 under drought stress to identify drought-responsive MeMYB genes in our RNA-seq data set (Hu et al., 2016; Wei et al., 2016) . We used eight arrays of RNA-seq reads (FPKM), representing control leaf, leaf under drought stress, control root, and root under drought stress in both Arg7 and SC124 (Supplementary Table S4 ). Hierarchical expression clustering resulted in four clusters on the basis of the expression patterns of MeMYB genes in Arg7 and SC124 ( Supplementary  Fig. S1 ). Most MeMYB genes showed the same expression patterns in both cultivars under drought stress.
Therefore, based on RNA-seq data, we performed RT-PCRs and qPCRs to validate the drought-responsive MeMYB genes in leaves from both SC124 and Arg7. Only eight candidate MeMYB genes (1, 2, 4, 9, 111, 217, 299, and 301), including typical 1R-MYB and R2R3-MYB members, from the RNA-seq data set that responded to drought in leaves have been well confirmed ( Table 1) . Five of them, namely MeMYB2, MeMYB9, MeMB111, MeMYB217, and MeMYB301, showed different expression patterns in organs of Arg7 and SC124 (Fig. 2) . We performed a further qPCR analysis to investigate the expression of these eight MeMYB genes in leaves of Arg7 and SC124 during drought treatments. We collected leaves from plants of both cassava cultivars after interrupting watering for 4 (DC), 8 (D8), or 14 d (D14) and from D14 plants re-watered 24 h later (RW). We used DC samples as reference. We measured the expression of the eight MeMYB genes using qPCR in the droughtstressed leaves of both cassava cultivars (Fig. 3) . Almost all the MeMYB genes show different expression patterns in RW samples between Arg7 and SC124. The different expression of MeMYB genes in stressed cassava cultivars hinted that these genes may define how Arg7 and SC124 responded to drought and re-watering.
Identification of cold-responsive MeMYB genes in cassava leaves
We analyzed transcriptome data from cassava cultivar SC124 under chilling stress to identify cold-responsive MeMYB genes (Supplementary Table S5 ). These three arrays of RNA sequence reads per million values including control (NC, 24 °C), chilling acclimation (CA, 14 °C), and chilling shock (CS, 4 °C) Zeng et al., 2014) were used in this analysis. When exposed to cold, cassava leaves show severe damage. Based on the RNA-seq data set, we used qPCR to validate cold-responsive MeMYB genes in leaves from SC124 plants. The expression of 15 candidate MeMYB genes has been validated in cold-stressed SC124 leaves (Table 2 ). Our qPCR results showed that cold upregulated 14 MeMYB genes, while it down-regulated only MeMYB246 in leaves (Fig. 4) . We found that cold downregulated MeMYB4 5-fold in a leaf and root mixed sample based on RNA-seq data (Table 2) . However, the expression of MeMYB4 was up-regulated >2-fold in cold-stressed leaves (Fig. 4) .
Identification of ABA-responsive MeMYB genes in cassava leaves
Most abiotic stress-related MYBs have a role in an ABAdependent pathway (Fujita et al., 2011) . We performed qPCR analysis to identify ABA-responsive MeMYB genes in cassava leaves. Based on RNA-seq data, the drought-or cold-responsive MeMYB genes were selected as candidates to identify ABA-responsive MeMYB genes. ABA treatment up-regulated the transcription of eight MeMYB genes and down-regulated that of one MeMYB gene in SC124 leaves (Fig. 5A) . ABA treatment and drought stress up-regulated both MeMYB4 and MeMYB299, suggesting that they may respond to drought in an ABA-dependent pathway. Moreover, MeMYB111 transcription was responsive to ABA, drought, and cold stresses, suggesting that this gene might has a role in ABA signaling during abiotic stress responses. In addition, drought down-regulated the transcription of MeMYB1, MeMYB2, and MeMYB9 in cassava leaves; however, ABA treatment down-regulated only the transcription of MeMYB9 (Fig. 5A) . The expression of MeMYB1 and MeMYB2 showed no response to ABA in both SC124 and Arg7 (Fig. 5B) , indicating that these genes may respond to drought in an ABA-independent pathway. Furthermore, when treated with 50 μM ABA, the ABA-induced MeMYB4, MeMYB9, and MeMYB299 had differential responses to ABA between SC124 and Arg7 (Fig. 5B) .
Characterization of four stress-responsive R2R3-MYB proteins
Based on our qPCR results, we selected MeMYB1, MeMYB2, MeMYB4, and MeMYB9 for further analysis to identify whether they are transcription factors. We built a phylogenetic tree based on their amino acid sequences and on that of almost all identified drought-responsive MYB proteins in Arabidopsis (Fig. 6A ). MeMYB1 and MeMYB2 shared 55.7% sequence identity with AtMYB60, higher than with any other Arabidopsis MYB protein. MeMYB4 and MeMYB9 were relatd to AtMYB96 and AtMYB61, respectively, with sequence identities of 58.1% and 68.1%. Conserved domain analysis showed that all these four MeMYB genes encoded a R2R3-MYB protein (Fig. 6B) .
Most transcription factors localized to the nucleus. We used a C-terminal GFP fusion to analyze the subcellular localization of MeMYB1, MeMYB2, MeMYB4, and MeMYB9. We imaged our MeMYB:GFP fusion proteins in transiently transformed N. benthamiana leaf epidermis, observing fluorescence only in the nucleus (Fig. 6C) . Thus, these four MeMYBs localized in the nucleus, in agreement with their putative function as transcription factors.
We performed transcriptional activity analysis using C-terminal GAL4 fusions to identify whether these four R2R3-MYB proteins had transcriptional activation domains. MeMYB1:pGBKT7/Y187, MeMYB2:pGBKT7/Y187, MeM YB4:pGBKT7/Y187, and MeMYB9:pGBKT7/Y187 displayed positive GAL4 activity on X-α-gal-supplemented medium (Fig. 6D) , suggesting that these four MeMYBs had a transcriptional activation domain. We performed a protein-DNA binding assay in yeast to identify whether these four MeMYBs could bind to DNA cis-elements. We used the MBS cis-element as bait, the MBS mutant as native control, and MeMYB1:pGADT7, MeMYB2:pGADT7, MeMYB4:pGADT7, or MeMYB9:pGADT7 as prey ( Supplementary Fig. S2 ). MeMYB2 and MeMYB9 bound the MBS cis-element, while MeMYB1 and MeMYB4 did not (Table 3 ). This indicates that MeMYB2 and MeMYB9 may regulate similar genes in drought responses in cassava.
Knock-down of MeMYB2 in cassava results in increased dehydration tolerance
Drought and ABA down-regulated AtMYB60, a gene that affects drought tolerance by regulating stomatal movement in Arabidopsis (Cominelli et al., 2005) . Although MeMYB1 and MeMYB2 are homologous to AtMYB60, drought only negatively affected MeMYB2 transcription in leaves of both Arg7 and SC124 (Fig. 3) . In order to examine the role of MeMYB2 in cassava drought tolerance, we created MeMYB2-RNAi transgenic cassava lines as previously described (Zainuddin et al., 2012) . We confirmed transgenic cassava plants by Southern blot using hptII as probe. The result showed that seven transgenic cassava plants were truly independent lines, and two of these, 2i-17 and 2i-202, were identified as transgenic lines containing the transgene in a single locus (Fig. 7A) . We used the 491-933 bp fragment of MeMYB2 to create an RNAi hairpin structure, and expressed it in transgenic cassava as a non-coding miRNA. Thus, we detected the abundant transcripts of the MeMYB2 517-674 bp fragment (included in the 491-933 bp fragment) in leaves of 2i-17 and 2i-202 plants (Fig. 7B) . To measure the full-length mRNA level of MeMYB2 in the leaves of 2i-17 and 2i-202 plants, we detected the abundant transcripts of the MeMYB2 379-498 bp fragment (not included in the 491-933 bp fragment). Our qPCR result showed that lower transcript abundance of the MeMYB2 379-498 bp fragment was detected in transgenic lines, suggesting that the MeMYB2 transcripts were truncated.
We used 2i-17 and 2i-202 plants for further phenotypic analysis. In plantlets cultured on CBM medium for 40 d in 16 h/8 h light/dark, we observed no difference in the phenotype between wild-type and transgenic cassava (Fig. 7C) . In contrast, on CBM containing 200 mM mannitol or 5% PEG6000, transgenic plants were taller than wild-type plants. On CBM containing 2 μM ABA, transgenic plants were shorter than the wild type. On regular CBM, the increment in the height of both wild-type and transgenic plants was 6.5 ± 0.5 cm, after 40 d (Fig. 7D) . On CBM containing 200 mM mannitol, the increment in the height in wild-type plants was 1.2 ± 0.2 cm, but that of transgenic plants was nearly 2.0 ± 0.3 cm. On CBM containing 5% PEG6000, the plant height of wild-type plants increased 4.0 ± 0.3 cm after 40 d, while that of transgenic plants increased 7.0 ± 1.1 cm. However, on CBM containing 2 μM ABA, the increment in the height of wild-type plants was 3.5 ± 1.0 cm, while that of transgenic plants was only nearly 2.0 ± 0.5 cm.
Repressing MeMYB2 by RNAi increases tolerance to drought
atmyb60-1 Arabidopsis is more tolerant to drought than the wild type (Cominelli et al., 2005) . We inferred that repressing Fig. 3 . Expression analysis of eight putative drought-responsive MeMYB genes (1, 2, 4, 9, 111, 217, 299, and 301) in drought-stressed leaves of cassava cultivars SC124 (A) and Arg7 (B). Expression of each MeMYB gene in control plants (DC) was set to 1 for normalization. Biological triplicates were averaged and the statistical significance of differences between treatments and control was analyzed using the Student's t-test (**P≤0.01; *0.01<P≤0.05). Bars indicate the mean ± SE. (This figure is available in colour at JXB online.) the expression of MeMYB2 in cassava may induce drought tolerance. At the beginning of the drought treatment, we observed no obvious differences between wild-type and MeMYB2-RNAi plants (Fig. 8A) . After 6 d of withholding watering, loss of turgor in leaves and stem was evident in wild-type, but not transgenic plants. After 8 d without watering, all leaves and stems of wild-type plants wilted, while loss of turgor in leaves was just beginning to become apparent and the stem was still upright in transgenic plants. After 12 d, withered leaves had emerged and some leaves turned yellow in all treated plants, but the stem of transgenic plants still kept upright. At 8 h after re-watering, the drooping leaves returned to normal in transgenic plants, but not in wild-type plants (Fig. 8A) . After re-watering, we grew plants under normal conditions for 14 d to calculate their survival rate. As a result, no wild-type plants survived (0/9); however, nearly all (8/9) 2i-17 and all (7/7) 2i-202 plants survived. These results suggested that MeMYB2-RNAi transgenic cassava plants have better tolerance to drought.
We also monitored soil moisture content and weight of each pot during the drought treatments (Fig. 8B) . We used fresh weights of wild-type and transgenic lines at day four after the interruption of watering as reference values. At day 6 of drought stress, the fresh weight of wild-type leaves decreased by 20 ± 3%, whereas that of transgenic leaves decreased by only 5 ± 2%. After 8 d of drought treatment, the fresh weight of wild-type and transgenic leaves decreased by 40 ± 5% and 25 ± 4%, respectively. After 12 d of drought stress, the fresh weight of wild-type leaves decreased by 80 ± 4%, while that of transgenic leaves decreased by 60 ± 3% (Fig. 8C) . Furthermore, the plant height of transgenic lines increased faster than that of the wild type (Fig. 8C) . Together, the results indicate that the repression of MeMYB2 expression in cassava increased drought tolerance.
Repressing MeMYB2 by RNAi increases tolerance to cold
Cassava is a typical tropical crop and can be injured by chilling temperature Zeng et al., 2014) . As MeMYB2 expression was up-regulated in cold-stressed cassava, modifying the expression of this gene in cassava may cause alterations in cold stress responses. Thus, we performed cold stress experiments to evaluate the cold tolerance of our transgenic plants. When treated at 4 °C for 6 h, both wildtype and transgenic plants suffered moderate damage, with half of their leaves wilted (Fig. 9) . After a recovery period under normal conditions, all wild-type plants died (survival rate: 0/7). However, all transgenic plants survived (survival rate: 11/11 and 9/9) and kept growing following the recovery period (Fig. 9) . This indicated that MeMYB2 knock-down resulted in cold tolerance in cassava. 
Comparison of expression profiles between wild-type and MeMYB2-RNAi cassava plants
In plants, stress-responsive MYBs may regulate the expression of stress-related or signal transduction genes, including those encoding transcription factors. The R2R2-MYB transcription factor TaPIMP1 regulates genes encoding stress-related transcription factors, including MYB-like genes in wheat . Moreover, many WRKY genes behave as drought-responsive genes in cassava (Wei et al., 2016) . To clarify gene expression in MeMYB2-RNAi plants Expression patterns of MeMYB genes in SC124 and Arg7 leaves treated with 50 μM ABA for 1, 3, or 6 h. Expression of each MeMYB gene in mocktreated leaves for 1 h was used for normalization. Biological triplicates were averaged and the statistical significance of differences between treatments and control was analyzed using the Student's t-test (**P≤0.01; *0.01<P≤0.05). Bars indicate the mean ± SE. (This figure is available in colour at JXB online.)
during abiotic stress response, we analyzed genes that encode drought-or cold-responsive MeMYB and MeWRKY transcription factors. We monitored their expression in the leaves of 2i-17 and 2i-202 plants under normal and stress conditions by qPCR analysis. We found that seven MeMYB genes and three MeWRKY genes were affected by the repression of MeMYB2 expression in cassava (Fig. 10) . Under normal conditions, MeMYB1, MeMYB111, and MeMYB301 were up-regulated, while MeMYB9 was down-regulated in MeMYB2-RNAi plants. Furthermore, we have also found three MeWRKY genes up-regulated in transgenic cassava leaves (Fig. 10 ). When exposed to drought, MeMYB111 and MeMYB299 showed different transcription responses in wild-type and MeMYB2-RNAi plants (Fig. 10) . Drought stress did not affect transcription of MeMYB111 in the wild type; however, it down-regulated this gene in transgenic lines (Fig. 10) . Furthermore, drought up-regulated MeMYB299 transcription in the wild type; in contrast, it down-regulated this gene in transgenic plants (Fig. 10) . Under cold stress, a significant up-or down-regulation of these 10 genes except MeMYB1 was observed, with higher or lower expression levels in MeMB2-RNAi plants than in the wild type (Fig. 10) . These results indicate that the MeMBY2 response to drought or cold may partly depend on the transcriptional regulation of these stress-related transcription factors.
Discussion
The MYB transcription factor superfamily is the largest transcription factor family in plants (Dubos et al., 2010) . To date, although numerous studies have reported on MYB transcription factors in model plants and crops, there is still little information available on this family in cassava. Recently, large-scale data sets describing the cassava genome, transcriptome, and proteome have become available Xia et al., 2014; Zeng et al., 2014; Bredeson et al., 2016; Wei et al., 2016) . From these data, we found that many MeMYB genes are responsive to drought and cold stress. Therefore, we focused on the expression analysis of stress-responsive MeMYB genes to identify new candidates for further characterization in this important tropical crop. Here, we identified 299 MYB or MYB-related genes in the cassava genome, and classified these into four subgroups: R1-MYBs, R2R3-MYBs, 3R-MYBs, and 4R-MYBs. R2R3-MYBs have 150 members, and it is the largest MYB subgroup in cassava. Analysis of the genomic distribution of paralogs in cassava reveals that cassava chromosomes share syntenic regions with each other (Bredeson et al., 2016) . Here, we found that MeMYB genes are concentrated in these homology regions in chromosomes. We found 26 MeMYB genes in the chr1 16-35 Mb region, 23 MeMYB genes in the chr2 0-16 Mb region, 18 MeMYB genes in the chr6 18-28 Mb region, 20 MeMYB genes in the chr14 0-13 Mb region, 11 MeMYB genes in the chr8 22-32 Mb region, and 14 MeMYB genes in the chr9 19-30 Mb region (Fig. 1) . These results indicate that the segmental and tandem duplications contributed to the expansion of MeMYB in cassava.
The regulation of temporal and spatial expression patterns of specific stress genes is an important part of plant stress responses (Ahuja et al., 2010) . However, tissue-specific analysis revealed that nearly half of the MeMYB genes had the same tissue-specific expression patterns in cassava plants with different genotypes (Fig. 2) . qPCR results indicated that most MeMYB genes shared same expression patterns in droughtstressed leaves of Arg7 and SC124, but they responded differently to re-watering (Table 1; Fig. 3 ). The cassava cultivars Arg7 and SC124 adopt two different strategies in response to drought stress: survival first and continued growth under mild drought . Under moderate drought, SC124 reacts with fast stomatal closure and wilting symptoms, while Arg7 displays leaf senescence and shedding of old leaves . Drought down-regulated the expression of MeMYB2 and MeMYB9 in both SC124 and Arg7 (Fig. 3) . However, after re-watering, the expression of these two genes recovered to the level of the control in SC124, in contrast to no recovery in Arg7 (Fig. 3) . In Arabidopsis, several R2R3-MYB transcription factors, such as AtMYB60 and AtMYB61, regulate stomatal movement (Cominelli et al., 2005; Liang et al., 2005; Oh et al., 2011) . Drought down-regulates AtMYB60, specifically expressed in guard cells, and controls stomatal movement in Arabidopsis (Cominelli et al., 2005) . MeMYB2 is closely related to AtMYB60 and classified as an R2R3-MYB (Fig. 6) . Thus, MeMYB2 may be involved in similar mechanisms to those by which AtMYB60 regulates drought tolerance in Arabidopsis. Different responses in MeMYB2 expression between stressed cassava cultivars may explain the different response to drought in these plants. Understanding how cassava responds to drought and re-watering, and the underlying mechanism, is remarkably helpful to implement vegetation management practices in the changing climate.
Although with a dramatically repressed MeMYB2 expression, MeMYB2-RNAi transgenic plants exhibited no visible phenotypic alterations in normal conditions (Fig. 7) . However, these plants showed in vitro dehydration tolerance and ABA susceptibility (Fig. 7) , and more tolerance to drought than the wild type (Fig. 8) . Our MeMYB2-RNAi plants showed better recovery than the wild type after re-watering at the end of a long drought treatment (Fig. 8) . A possible explanation is that the stomatal movement in MeMYB2-RNAi plants is more sensitive to water stress than in wild-type plants, thus enhancing water uptake during recovery. Additionally, transcriptional repression of MeMYB2 also led to changes in the expression of MeMYB111 and MeMYB299 in response to drought (Fig. 10) . This suggests that the enhanced drought tolerance in our transgenic cassava repressing MeMYB2 may partially result from the regulation of these genes. The cassava cultivars are well adapted to warm climates (Ceballos et al., 2004) , but sensitive to cold . Cold stress leads to obvious physiological changes in cassava, such as cell damage and malondialdehyde (MDA) accumulation . Transcriptome profiling indicates that many major transcription factor families, including MeMYB genes, were involved in the early response to cold stress in cassava cv.60444 . Recently, we analyzed the miRNAs and their targets by RNA-seq in response to cold stress in cassava SC124 Zeng et al., 2014) . Analysis of these data enabled the identification of 15 candidates as cold-responsive MeMYB genes in mature leaves of SC124 (Table 2 ; Fig. 4 ). The expression of the three drought-responsive genes MeMYB1, MeMYB4, and MeMYB111 also responded to cold (Figs 3, 4) .
Most stress-responsive MYBs regulate plant responses to stress through an ABA-dependent pathway (Abe et al., 2003; Jung et al., 2008; Seo et al., 2009; Park et al., 2011; Cui et al., 2013; Jaradat et al., 2013) . Likewise, we identified 10 drought-or cold-responsive MeMYB genes that also responded to exogenous ABA in SC124 leaves (Fig. 5A) . The expression of MeMYB1 and MeMYB2 in cassava leaves exhibited no significant changes after ABA treatments in both SC124 and Arg7 (Fig. 5B) . These results indicate that MeMYB genes may regulate cassava responses to abiotic stress by both ABA-dependent and -independent means. However, MeMYB2-RNAi plantlets showed sensitivity to ABA in vitro (Fig. 7) . Therefore, the functions of MeMYB2 in ABA signal transduction need further investigation.
Cold stress up-regulated MeMYB2 in cassava SC124 (Table  2 ; Fig. 4) . However, MeMYB2-RNAi transgenic lines show more tolerance to cold than wild-type plants (Fig. 9) . We examined gene expression alteration in MeMYB2-RNAi transgenic plants under cold stress. Interestingly, the expression of several stress-responsive MeMYB genes, such as MeMYB4, MeMYB9, MeMYB111, MeMYB217, and MeMYB301, was significantly altered in transgenic plants under cold stress (Fig.  10) . Meanwhile, the expression of three abiotic stress-responsive MeWRKY genes was also significantly up-regulated in MeMYB2-RNAi plants under cold stress (Fig. 10) . The expression pattern of MeMYB2 may partly explain cold sensitivity in cassava. Further studies should create transgenic cassava that overexpress MeMYB2 to confirm our hypothesis. Further analysis will elucidate how MeMYB2 regulates these genes. The mechanism by which MeMYB2 confers tolerance to cassava when subjected to cold needs further investigation.
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